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Abstract

Dry weight at eclosion, adult lifespan, lifetime fecundity, lipid and carbohydrate content at eclosion, and starvation and
desiccation resistance at eclosion were assayed on along-term laboratory population of Drosophila melanogaster, and one
recently wild-caught population each of four other species of Drosophila, two from the melanogaster and two from
the immigrans species group. The relationships among trait means across the five species did not conform to expectations
based on correlations among these traits inferred from selection studies on D. melanogaster. In particular, the ex-
pected positive relationships between fecundity and size/lipid content, lipid content and starvation resistance, carbo-
hydrate (glycogen) content and desiccation resistance, and the expected negative relationship between lifespan and
fecundity were not observed. Most traits were strongly positively correlated between sexes across species, except for
fractional lipid content and starvation resistance per microgram lipid. For most traits, there was evidence for signifi-
cant sexual dimorphism but the degree of dimorphism did not vary across species except in the case of adult lifespan,
starvation resistance per microgram lipid, and desiccation resistance per microgram carbohydrate. Overall, D. nasuta
nasuta and D. sulfurigaster neonasuta (immigrans group) were heavier at eclosion than the melanogaster group species,
and tended to have somewhat higher absolute lipid content and starvation resistance. Y et, these two immigrans group
species were shorter-lived and had lower average daily fecundity than the melanogaster group species. The smallest spe-
cies, D. malerkotliana (melanogaster group), had relatively high daily fecundity, intermediate lifespan and high frac-
tional lipid content, especially in females. D. ananassae (melanogaster group) had the highest absolute and fractional
carbohydrate content, but its desiccation resistance per microgram carbohydrate was the lowest among the five spe-
cies. In terms of overall performance, the laboratory population of D. melanogaster was clearly superior, under labo-
ratory conditions, to the other four species if adult lifespan, lifetime fecundity, average daily fecundity, and absolute
starvation and desiccation resistance are considered. This finding is contrary to several recent reports of substantially
higher adult lifespan and stress resistance in recently wild-caught flies, relative to flies maintained for a long time in discrete-
generation laboratory cultures. Possible explanations for these apparent anomalies are discussed in the context of the differing
selection pressures likely to be experienced by Drosophila populations in laboratory versus wild environments.

[Sharmila Bharathi N., Prasad N. G., Shakarad M. and Joshi A. 2003 Variation in adult life history and stress resistance across five
species of Drosophila. J. Genet. 82, 191-205]

Introduction

Life-history evolution in Drosophila has been extensively
studied, and laboratory selection studies on D. melanog-
aster have, in particular, yielded much insight into the
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various tradeoffs surrounding major life-history traits such
as preadult development time, age-specific female fecun-
dity and adult lifespan (reviewed in Prasad and Joshi
2003). Severa studies support the notion of a cost of
reproduction in terms of increased mortality and, hence,
decreased adult lifespan in D. melanogaster (Rose 1984,
Luckinbill and Clare 1985; Partridge and Andrews 1985;
Chippindale et al. 1993, 1997; Zwaan et al. 1995; Cordts
and Partridge 1996; Sgro and Partridge 1999). The trade-
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off between lifespan and fecundity is partly due to both
traits sharing a resource, most likely lipid (Service 1987;
Chippindale et al. 1993; Zwaan et al. 1995), and has been
explained by a simple Y-model of resource allocation
with the organism having to allocate limiting lipid reser-
ves to either reproduction or somatic maintenance (van
Noordwijk and de Jong 1986). Physiological studies,
however, reveal that the tradeoff between lifespan and
fecundity is not quantitatively exact (Djawdan et al. 1996;
Simmons and Bradley 1997).

Further evidence indicating a major role for lipid and
carbohydrate reserves in mediating adult life-history trade-
offsin D. melanogaster comes from the observations that
(a) selection for increased lifespan results in correlated
increases in starvation and desiccation resistance and lipid
content (Service et al. 1985; Service 1987), (b) selection
for increased starvation or desiccation resistance leads to
a correlated increase in lifespan (Rose et al. 1992) and
dry weight at eclosion (Chippindale et al. 1996, 1998),
(c) selection for increased starvation resistance leads to
increased lipid and carbohydrate content at eclosion (Chip-
pindale et al. 1996; Djawdan et al. 1997), and (d) selec-
tion for increased desiccation resistance leads to increased
carbohydrate but not lipid content at eclosion (Djawdan
et al. 1997; Chippindale et al. 1998). Moreover, in these
populations, selection for increased lifespan or starvation
resistance did not result in correlated changes in metabo-
lic rate, once the nonmetabolizing mass of lipid and carbo-
hydrate was accounted for (Djawdan et al. 1997). However,
al these results are from one laboratory and were done
on sets of selected populations derived from a common
long-term laboratory-reared ancestral population.

Selection for increased starvation or desiccation resis-
tance in D. melanogaster in another set of studies using
recently wild-caught flies yielded a somewhat different
pattern of correlated responses to selection (Hoffmann
and Parsons 1989ab, 1993ab; Harshman et al. 1999).
In these studies, the evolution of increased desiccation
resistance was accompanied by increases in starvation
resistance (Hoffmann and Parsons 1989a) and lifespan
(Hoffmann and Parsons 1993b), and decreases in overall
activity level (Hoffmann and Parsons 1989a, 1993a) and
mass-specific metabolic rate (Hoffmann and Parsons 1989a),
though metabolic rates were not corrected for lipid/carbo-
hydrate content (see discussion in Djawdan et al. 1997).
Fractional lipid content, wet weight and body size did not
differ between selected and control populations (Hoff-
mann and Parsons 1989ab); carbohydrate content appears
not to have been measured on these populations. Selec-
tion for increased starvation resistance led to significant
correlated increases in weight, absolute lipid content and
desiccation resistance, and a decrease in metabolic rate
(Harshman et al. 1999). A marginaly significant increase
in carbohydrate content of starvation-selected popula-
tions was also observed (Harshman et al. 1999).

In addition to their importance to adult life history,
starvation and desiccation resistance are also of interest
because of their likely involvement in determining cli-
matic adaptation and geographical distribution in Droso-
phila species (David et al. 1983; van Herrewege and
David 1997; Hoffmann and Harshman 1999; Hoffmann
et al. 20014a). In a study of 22 species of Drosophila, van
Herrewege and David (1997) observed that temperate spe-
cies, on average, were heavier, more resistant to starva-
tion and desiccation, and had greater fractional lipid con-
tent than tropical species. Across the temperate species,
starvation and desiccation resistance were significantly
positively correlated, whereas they were uncorrelated
among the tropical species. Similarly, fractional lipid
content was significantly positively correlated with both
starvation and desiccation resistance in the temperate, but
not the tropical, species (van Herrewege and David 1997).
On the other hand, opposite latitudinal clines for desic-
cation and starvation resistance have been observed in
Indian populations of D. kikkawai (Karan and Parkash
1998), D. ananassae, D. melanogaster and Zaprionus
indianus (Karan et al. 1998), with populations from
lower latitudes (tropical) being relatively more starvation
resistant and less desiccation resistant than those from
higher latitudes (temperate, but with very hot and dry
summers). However, clinal variation in starvation or desi-
ccation resistance is not seen across D. melanogaster
populations in South America (Robinson et al. 2000), or
Europe and Africa (da Lage et al. 1990). In a study of
D. melanogaster populations from the east coast of Aus-
tralia, too, starvation and desiccation resistance did not
exhibit strong latitudinal clines (Hoffmann et al. 2001a).
Indeed, Hoffmann et al. (2001a) make the important point
that although their data on population mean starvation
and desiccation resistance could be interpreted as showing
clinal variation, most of the variation in starvation and
desiccation resistance in their study was actually found to
be within populations, rather than among populations from
different geographical regions. The comparison between
variation within populations and variation among popula-
tions is, unfortunately, typically ignored in studies of cli-
nal variation.

Overall, if one looks at studies of adult life history and
starvation and desiccation resistance in Drosophila, there
appears to be some disconnect between laboratory and
field studies. Laboratory selection experiments have mostly
been conducted only on D. melanogaster and it is, conse-
guently, not clear whether the pattern of correlations
among life-history and stress-resistance traits revealed by
these studies is generally conserved across other Droso-
phila species as well, athough it seems that at least some
of the correlated responses to selection for increased
desiccation resistance in an Australian population of
D. simulans are qualitatively similar, albeit of much smal-
ler magnitude, to those seen in a sympatric population of
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D. melanogaster (Hoffmann and Parsons 1993a). Most
studies on clinal variation in starvation and desiccation
resistance, on the other hand, tend to ignore within-popu-
lation variation and trait associations, and often do not
include assays of life-history traits. As noted earlier, pat-
terns of correlated responses to selection on starvation
and desiccation resistance in D. melanogaster have been
seen to differ between sets of studies using different start-
ing material, and it has been suggested that long-term
laboratory populations, adapted to living in a benign and
nutrient-rich environment, may exhibit different under-
lying physiological mechanisms of evolved stress resis-
tance than wild-caught populations, and that this difference
may partly explain the observed discrepancy between
selection studies (Harshman and Hoffmann 2000). It has
been shown recently that populations of D. melanogaster
reared in the laboratory on short, discrete-generation regi-
mes undergo a fairly rapid decline in starvation and desic-
cation resistance (Hoffmann et al. 2001b), and in adult
lifespan (Sgro and Partridge 2000). In another study, it
was shown that adult lifespan of a recently wild-caught
strain of D. melanogaster was at par with that of labora-
tory strains successfully selected for increased lifespan,
and significantly greater than laboratory strains main-
tained on a two-week discrete-generation cycle (Linnen
et al. 2001). These findings suggest that long-term labo-
ratory cultures maintained on short, discrete-generation
regimes are likely to have high early-life fecundity, low
lifespan, and low starvation and desiccation resistance,
compared to wild populations, and that they may, conse-
quently, respond to selection for increased lifespan or
stress resistance via physiological mechanisms different
from those that would be seen in wild populations sub-
jected to the same selection pressure (Sgro and Partridge
2000; Linnen et al. 2001; Hoffmann et al. 2001b).

It is against this backdrop—a combination of often
contrasting results from studies on stress resistance and
life history in Drosophila species, and an aimost exclu-
sive focus on D. melanogaster in studies of within-species
trait correlations and life history tradeoffs—that we have
initiated what is envisaged to be a series of long-term
studies of life-history evolution in Indian species of Dro-
sophila, other than D. melanogaster, in which a combina-
tion of laboratory experiments and field studies will be
used in an attempt to understand patterns of variation and
covariation within and among species for traits related to
life history, in the context of selection pressures likely to
be operating in nature on these populations. While there
have been a few studies of stress resistance in Indian dro-
sophilid species (mostly from the melanogaster species
group), there have been practically no systematic studies
of life-history variation in conjunction with stress resis-
tance in Indian drosophilids. In this paper, we report pre-
liminary results from a survey of adult life-history and
stress-resistance related traits in one recently wild-caught

southern Indian population each of four Drosophila spe-
cies—two each from the melanogaster and immigrans
species groups—along with a long-term laboratory popu-
lation of D. melanogaster as a standard for comparison.
While these results are preliminary, and do not conclu-
sively support or exclude any particular hypothesis about
the relationship between life-history and stress-resistance
traits, they are, nevertheless, instructive in that they sug-
gest that the contrast between laboratory and wild popu-
lations, and patterns of trait relationships across species,
may be more variable than often thought.

Materials and methods

Experimental populations: One population each of five
species of Drosophila were used in this study. Three of
the species belonged to the subgenus Sophophora, spe-
cies group melanogaster, namely D. melanogaster (sub-
group melanogaster), D. ananassae (subgroup ananassae,
species complex ananassae), and D. malerkotliana (sub-
group ananassae, species complex bipectinata). The other
two species belonged to the subgenus Drosophila, spe-
cies group immigrans, subgroup nasuta, namely D. na-
suta nasuta (frontal sheen complex) and D. sulfurigaster
neonasuta (orbital sheen complex). The D. melanogaster
population was one of the JB populations (JB-1) pre-
viously described in detail (Sheeba et al. 1998) and has
been in the laboratory for over 700 generations. The
populations of D. ananassae, D. malerkotliana and D. n.
nasuta were collected from orchards and domestic gar-
bage dumps in different parts of Bangalore, whereas D. s.
neonasuta was collected at both Bangalore and Mysore,
India. At the time of this study, the D. ananassae popula-
tion had been through 12 generations in the laboratory,
wheresas the populations of D. malerkotliana, D. n. nasuta
and D. s. neonasuta had been in the laboratory for two,
three and one generation, respectively. The D. ananassae
population was initiated from ~300 inseminated females,
collected during May—June 2001, while the other three
populations were established from about 70 inseminated
females each, collected during October—November 2001.
Collection of flies was done by a combination of banana
traps and net sweeping, mostly during early morning and
dusk.

The D. melanogaster population has been in the labo-
ratory for more than 700 generations on a 21-day discrete-
generation cycle at 25°C, under constant light and ~90%
relative humidity, on banana—jaggery food. The preadult
stages are maintained at a moderate density of about 60—
80 eggs per via (9 cm x 2.4 cm). Eclosed adults are trans-
ferred to a plexiglas cage (25cm x 20 cm x 15 cm) on
the eighteenth day from egg lay, and are given food
medium supplemented with live yeast paste for about two
and a half days prior to egg collection for the next gene-
ration. The populations of the other four species were
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also maintained in the laboratory under the same condi-
tions, except that cornmeal, rather than banana—aggery,
food was used, and the number of breeding adults was
about 1200 flies per population, compared to ~1800 in the
case of the D. melanogaster population. Moreover, since
the lifespan and fecundity of the wild-caught species were
relatively low (see Results), these four populations were
maintained on a discrete generation of less than 21 days.
Adults were collected into cages as they eclosed, provi-
ded with cornmeal food supplemented with live yeast paste,
and eggs were collected about two days after the last
eclosions had occurred, which would be about five to
six days after the first eclosions. All populations were
assayed on the food medium on which they were rou-
tinely reared.

Dry weight assay: Freshly eclosed adults developing in
vials set up at a density of about 50 eggs per via were
collected within 2 h of eclosion, killed by freezing, dried
for 36 h at 70°C, and weighed in batches of five males or
five females. Five batches each of males and females
were weighed for each species.

Adult lifespan assay: Freshly eclosed adults from vials
set up at a density of about 50 eggs per vial were col-
lected, and virgin flies of both sexes were segregated
within 6 h of eclosion. Separate assays were done to exa-
mine the lifespan of reproducing and virgin flies of each
species. Adult lifespan of virgins was assessed by setting
up 20 vials per species containing either eight males or
eight females (10 vials per sex). In the case of reproduc-
ing flies, 20 vials were set up for each species, with each
vial containing four males and four females. Flies were
transferred to fresh food vials every aternate day and
mortality was recorded daily; any flies dying were not
replaced during the course of the assay, which continued
until all flies had died. For reproducing flies, the degree
of sexual dimorphism in lifespan was also calculated,
using vial means for males and females, as the difference
between male and female lifespan, divided by average
lifespan across sexes.

Lifetime fecundity assay: Adults eclosing in vials set up
at a density of about 50 eggs per vial were collected
within 6 h of eclosion, and distributed into fresh vials,
with each vial containing one male and one female. For
each species, 40 such vials were set up. The flies were
transferred to fresh vials every day, and the number of
eggs laid by each female during the preceding 24 h was
recorded. The assay was continued until all females died.
Dead females were not replaced during the course of the
assay, whereas dead males were replaced from a cohort
of the same age that was being maintained in parallel. In
addition to recording the total number of eggs laid by a
female over her lifetime (total lifetime fecundity), the

average daily fecundity was also calculated by dividing
the total lifetime fecundity by the number of days the
female lived.

Lipid content assay: Adults eclosing in vials set up at a
density of about 50 eggs per vial were collected within
2 h of eclosion, and killed by freezing, dried for 36 h at
70°C and weighed in batches of either five males or five
females to obtain dry weight prior to lipid extraction.
After weighing, the flies of each batch were kept in 1.5 ml
of diethyl ether and gently agitated on a gel rocker for
24 h. The ether was then removed, and the flies were
again dried for 12 h at 70°C and weighed. The difference
in dry weight of the flies in each batch before and after
lipid extraction, divided by the number of flies (5), was
taken as the absolute lipid content per fly. This procedure
is similar to that of Zwaan et al. (1991), with minor modi-
fications. For each batch, fractional lipid content was also
calculated by dividing the absolute lipid content of the
batch by the dry weight of the batch before lipid extraction.

Starvation resistance assay: Adults eclosing in vials set up
at a density of about 50 eggs per vial were collected
within 2 h of eclosion, and distributed in batches of either
five males or five females into vials containing non-nutri-
tive agar (12.4 g agar and 2.4 g p-hydroxybenzoic acid in
23 ml ethanol per litre). Five such vials each of males
and females were set up per species. The vials were obser-
ved every two hours for mortality, and the assay conti-
nued until al flies had died. The time till death in hours
for each fly was taken as the absolute starvation resis-
tance. The procedure is similar to that of Zwaan et al.
(1991) with minor modifications. The time to death in
hours divided by the mean absolute lipid content for the
species was also calculated, as it can be interpreted as
reflecting the degree to which lipid reserves have not
been committed to fecundity in females and are, there-
fore, available for somatic maintenance (e.g. see discus-
sion in Zwaan et al. 1991; Leroi et al. 1994; Chippindale
et al. 1996).

Carbohydrate content assay: Adults eclosing in vials set
up at a density of about 50 eggs per vial were collected
within 2 h of eclosion, killed by freezing, dried for 36 h
at 70°C, and weighed in batches of either five males or
five females to obtain dry weight prior to carbohydrate
estimation, which was done following the procedure in
Djawdan et al. (1997) with minor modifications. The flies
in each batch were then crushed in a small volume of
distilled water, and the final volume was made up to 1 ml.
These samples were then incubated in a water bath at 90°C
for 30 min. After incubation, 500 i of the supernatant in
each sample was taken and 4 ml of anthrone reagent added
to it, followed by thorough mixing on a vortex mixer.
The samples were then heated in a boiling water bath for
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30 min, and alowed to cool to room temperature. The
optical density of each sample was then measured in a
colorimeter at 620 nm, and the total glucose content of
the flies in each batch was estimated from a glucose stan-
dard graph constructed for the assay. For each batch, frac-
tional carbohydrate content was also calculated by dividing
the absolute carbohydrate content of the batch by the dry
weight of the batch before carbohydrate extraction.

Desiccation resistance assay: Adults eclosing in vias set
up at a density of about 50 eggs per via were collected
within 2 h of eclosion, and distributed in batches of either
five males or five females into empty vials plugged with
cotton wrapped around a desiccant (CaCl,). Five such
vials each of males and females were set up per species,
and the vials were placed in a desiccator. The vials were
observed every hour for mortality, and the assay contin-
ued until al flies had died. The time till death in hours
for each fly was taken as the absolute desiccation resis-
tance. The time to death in hours divided by the mean
absolute carbohydrate content for the species was also
calculated.

Statistical analyses: All analyses were performed using
STATISTICA™ for Windows Release 5.0 B (StatSoft,
Inc. 1995). Data for all traits except fecundity were sub-
jected to two-way analyses of variance (ANOVA) with
sex and species treated as fixed factors, and batch or vial
means used as input data for the analysis. In the case of
lifetime and daily fecundity, data on individual females
were subjected to one-way ANOVA to look for species
differences. All pairwise multiple comparisons were done
using Tukey's HSD test, with the appropriate modifi-
cation for unequal sample sizes where necessary. The
degree of sexual dimorphism for lifespan in reproducing
flies was subjected to one-way ANOVA with species as
the sole factor.

Results
Dry weight at eclosion

Dry weights at eclosion varied significantly across spe-
cies, D. s. neonasuta being the heaviest and D. malerkot-
liana the lightest (figure 1). The range of variation was
quite large, D. s. neonasuta flies being almost thrice as
heavy as D. malerkotliana flies. The ANOVA reveaed
significant main effects of species (F440 =539, P < 0.001),
sex (Fi40 =369, P <0.001) and a significant interaction
between species and sex (F440 = 11, P < 0.001). Females
were significantly heavier than males in each species
(figure 1).

Adult lifespan

Overall, both reproducing and virgin flies from the mela-
nogaster group species had greater adult lifespan than

those from the two immigrans group species (figure 2),
and the ANOVA revealed significant effects of species
and the species x sex interaction on the lifespan of both
reproducing and virgin flies, whereas the main effect of
sex was significant only in the case of reproducing flies
(table 1). The degree of sexual dimorphism in lifespan
varied significantly across species in reproducing flies
(one-way ANOVA: F495=8.62, P <0.001), being hig-
hest in the long-term laboratory population of D. melano-
gaster (table 2). The general tendency was for males to
outlive females in the three melanogaster group species,
and for females to outlive males in the two immigrans
group species, although the only substantial and signifi-
cant difference between mae and female lifespan was
seen in D. melanogaster (figure 2). Virgin flies lived sig-
nificantly longer than reproducing flies only in the case
of D. melanogaster; in the four recently wild-caught spe-
cies, the lifespans of virgin and reproducing flies did not
differ significantly (figure 2).

Lifetime fecundity

Mean total lifetime fecundity varied significantly across
species (one-way ANOVA: Fg195 =51.79, P <0.001),
D. melanogaster being the most fecund, followed by
D. ananassae and D. malerkotliana, and finally by D. n.
nasuta and D. s. neonasuta (figure 3). The ordering of
species means for total lifetime fecundity was similar to
that seen in the case of lifespan of reproducing flies (fig-
ure 2), raising the possibility that lifetime fecundity dif-
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Figure 1. Mean (+ SE) dry weight (in 10~ g per fly) at eclo-

sion of males and females from the five species (NEO, D. s.
neonasuta; NAS, D. n. nasuta; MEL, D. melanogaster; ANA,
D. ananassae; MAL, D. malerkotliana). All pairwise differences
between species means were significant. Asterisks denote signi-
ficant differences between mean male and female weight within
each species. Significance at the 0.05 level was determined for
each multiple comparison by Tukey’'s HSD test.
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ferences among species could be largely due to lifespan
differences rather than differences in daily egg produc-
tion. However, average daily fecundity also varied signi-
ficantly across species (one-way ANOVA: Fg 195 = 25.75,
P < 0.01), the only significant pairwise differences being
those between D. melanogaster and all other species, and
between D. malerkotliana and D. s. neonasuta (figure 3).
The long-term laboratory population of D. melanogaster
was clearly far more fecund than any of the other four
species. Interestingly, even among just the four recently
wild-caught species, melanogaster group species tended
to be lighter in weight, longer-lived and more fecund than
the larger immigrans group species, a pattern at odds
with that of within-species correlations among weight,
fecundity and lifespan revealed by studies on laboratory
populations of D. melanogaster (e.g. Partridge and Fowler
1992, 1993; Hillesheim and Stearns 1992).

Lipid content

Both absolute and fractional lipid content varied signi-
ficantly across species, with significant ANOVA main
effects of species and sex, but no significant species x sex
interaction, for both traits (table 3). Mean absolute lipid
content of females (0.668 x 10~ g) was significantly grea-
ter than that of males (0.424 x 10~ g). Females also had
significantly higher mean fractional lipid content (0.225)
than males (0.178). Mean absolute lipid content of D. s.
neonasuta was significantly greater (Tukey's HSD test,
P < 0.001) than the means of the other four species, which
did not differ significantly among themselves (figure 4).
With regard to fractional lipid content, too, the species
clustered into two groups within which species means did

not significantly differ. Overal, D. ananassae, D. maler-
kotliana and D. s. neonasuta constituted the group with
higher mean fractional lipid content whereas D. melano-
gaster and D. n. nasuta had similar, and relatively lower,
fractional lipid levels (figure 4).

Table 1. Summary of results from two separate analyses of
variance carried out on adult lifespan of reproducing and virgin
males and females in the five species.

Reproducing flies Virgin flies
Effect (d.f.) F P F P
Species (4) 154.64 <0.001 19345 <0.001
Sex (1) 4.27 0.040 1.10 0.296
Species x sex (4) 8.44 < 0.001 3.15 0.018

Error d.f. were 190 and 89 for reproducing and virgin flies,
respectively.

Table2. Mean (+ SE) degree of sexual dimor-
phism for adult lifespan in reproducing flies of
the five species.

Species Reproducing flies

D. melanogaster 0.244° +0.072
D. malerkotliana 0.148%  +0.096
D. ananassae 0.054®  +0.046
D. n. nasuta —0.129% +0.087
D. s. neonasuta —0.290° +0.053

Means with the same alphabetical superscripts
were not significantly different at the 0.05 level
in pairwise comparisons, using Tukey’sHSD test.

reproducing flies virgin flies
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~ 60 females 60 1 J— females
>
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Figure 2. Mean (+ SE) adult lifespan of reproducing and virgin males and females from the
five species. Horizontal lines below the X-axes connect species whose means did not significantly
differ among themselves. Asterisks denote significant differences between mean male and female
lifespans within each species x reproductive status combination. Significance at the 0.05 level
was determined for each multiple comparison by Tukey’s HSD test.
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Starvation resistance

Both absolute starvation resistance and starvation resis-
tance per microgram lipid varied significantly across spe-
cies, with significant ANOVA main effects of species
and sex (table 3). The species x sex interaction, however,
was significant only for starvation resistance per micro-
gram lipid (table 3). Mean absolute starvation resistance
of females (92.32 h) was significantly greater than that of
males (82.17 h), whereas mean starvation resistance per
microgram lipid in males (2.18 h/mg) was significantly
higher than in females (1.43 h/ng) (figure 5). Overal, ave-
raged across sexes, mean absolute starvation resistance of
D. malerkotliana, the species with the least absolute lipid
content (figure 4), was significantly lower than that of all
other species, whereas the means for absolute starvation
resistance of D. melanogaster, D. n. hasuta and D. s. neo-
nasuta did not differ significantly among themselves
(figure 5). Mean absolute starvation resistance of D. ana-
nassae was intermediate between that of D. malerkot-
liana on the one hand, and those of D. melanogaster, D. n.
nasuta and D. s. neonasuta on the other (figure 5).
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Starvation resistance per microgram lipid varied across
a greater range in males compared to females, and the
pattern of differences among species also varied signi-
ficantly with sex (table 3, figure 5). In females, the only
significant pairwise differences (Tukey's HSD test,
P < 0.05) in starvation resistance per microgram lipid bet-
ween species were those between D. s. neonasuta and the
other four species (figure 5). In males, on the other hand,
species clustered into three groups based on the signifi-
cance of pairwise comparisons for starvation resistance
per microgram lipid. The highest mean starvation resis-
tance per microgram lipid was seen in D. malerkotliana
and D. melanogaster, the lowest in the two immigrans
group species, and an intermediate value in D. ananassae
(figure 5).

Carbohydrate content

Carbohydrate content of flies is typically used as a surro-
gate measure of the amount of glycogen in the flies (Graves
et al. 1992; Chippindale et al. 1998; Hoffmann and Harsh-
man 1999; Harshman and Hoffmann 2000). Both absolute

10
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average daily fecundity

Figure 3. Mean (x SE) number of eggs laid by females from the five species over their lifetime,
and over one day on average. Horizontal lines below the X-axes connect species whose means did
not significantly differ among themselves. Significance at the 0.05 level was determined for each

multiple comparison by Tukey’s HSD test.

Table 3. Summary of results from four separate analyses of variance carried out on absolute lipid con-
tent, fractional lipid content, absolute starvation resistance and starvation resistance per microgram lipid in

males and females from the five species.

Absolute lipid Fractional Absolute starvation  Starvation resistance
content lipid content resistance per g lipid
Effect (d.f.) F P F P F P F P
Species (4) 17.86 <0.001 886 <0.001 26.34 < 0.001 81.67 <0.001
Sex (1) 42.43 <0.001 9.96 0.004 17.43 <0.001 254.07 <0.001
Species x sex (4) 0.42 0.790 1.93 0.128 157 0.120 29.18 <0.001

Error d.f. were 34 and 40 for the ANOV As on lipid content and starvation resistance, respectively.
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and fractional carbohydrate content varied significantly
across species, with significant ANOVA main effects of
species and sex, but no significant species x sex interac-
tion, for both traits (table 4). Mean absolute carbohydrate
content of females (28.14 x 10™° g) was significantly grea-
ter than that of males (18.10 x 107 g). Females also had
marginally significantly higher mean fractional carbohy-
drate content (0.096) than males (0.080). Overall, D. ana-
nassae showed the highest absolute and fractional carbo-
hydrate content (figure 6). Averaged across sexes, the
species clustered into two groups based on significant
differences in mean absolute carbohydrate content. D. ana-
nassae, D. n. nasuta and D. s. neonasuta had relatively
higher mean absolute carbohydrate content than D. mela-
nogaster and D. malerkotliana (figure 6). In the case of
fractional carbohydrate content, D. melanogaster, D. n.
nasuta and D. s. neonasuta clustered together with low

trait values, D. ananassae had significantly greater frac-
tional carbohydrate content than all other species, and
D. malerkotliana was intermediate between D. ananassae
and the other three species (figure 6).

Desiccation resistance

Both absolute desiccation resistance and desiccation
resistance per microgram carbohydrate varied significantly
across species, with significant ANOVA main effects of
species and sex (table 4). The species x sex interaction,
however, was significant only for desiccation resistance
per microgram carbohydrate (table 4). Mean absolute desi-
ccation resistance of females (22.89 h) was significantly
greater than that of males (20.86 h), whereas mean desic-
cation resistance per microgram carbohydrate in males
(1.298 h/ng) was significantly higher than in femaes
(0.922 h/ng) (figure 7). Overall, averaged across sexes,
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Figure 4. The relationship between mean (+ SE) absolute lipid content (in 10 g per fly) and
mean (+ SE) fractional lipid content of males and females from the five species.
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mean absolute desiccation resistance and desiccation resis-
tance per microgram carbohydrate of the long-term labo-
ratory population of D. melanogaster were far higher
than those of any of the other species (figure 7). For both
males and females, all pairwise differences in absolute desic-
cation resistance between species were significant (Tukey’s
HSD, P < 0.05), except for those between D. ananassae
and D. n. nasuta. In the case of desiccation resistance
per microgram carbohydrate, all pairwise differences bet-
ween species were significant (Tukey’s HSD, P < 0.05),
except for those between D. ananassae and D. s. neona-
suta, for both males and females. Although D. malerkot-
liana had the least absolute desiccation resistance, its
desiccation resistance per microgram carbohydrate was
significantly greater than those of all other species except
D. melanogaster (figure 7).

Discussion

In terms of fitness-related traits, the long-term labora-
tory population of D. melanogaster appears to be clearly
superior under laboratory conditions to the four recently

wild-caught species. D. melanogaster flies live longer
and are more fecund on both a daily and lifetime bases
than the other four species (figures 2, 3; table 5).
D. melanogaster flies also have somewhat greater star-
vation resistance, and vastly greater desiccation resis-
tance, than the four recently caught species (figures 5, 7;
table 5), despite having relatively low absolute and frac-
tional glycogen and lipid content (figures 4, 6; table 5),
and being of intermediate weight (figure 1; table 5). In
an earlier study on the same five populations, we found
that D. melanogaster showed faster larval development,
and greater larval survivorship and early-life fecun-
dity, compared to the four recently caught species (Shar-
mila Bharathi et al. 2004). Of course, the superiority
of the D. melanogaster population is not too surprising,
given that this population has been in the laboratory
for several hundred generations, and is presumably well
adapted to the specific conditions in the laboratory.
Indeed, one of the reasons for including this popula-
tion in this study was to have a point of reference from
a well-characterized population to act as a backdrop
against which we could compare the four wild-caught

Table 4. Summary of results from four separate analyses of variance carried out on absolute carbohydrate content,
fractional carbohydrate content, absolute desiccation resistance and desiccation resistance per microgram carbohydrate

in males and females from the five species.

Absolute carbohydrate Fractional carbohydrate Absolute desiccation

Desiccation resistance

content content resistance per ng carbohydrate
Effect (d.f.) F P F P F = F P
Species (4) 10.94 <0.001 19.91 <0.001 170.53 <0.001 499.51 <0.001
Sex (1) 19.78 <0.001 4.02 0.052 16.28 <0.001 226.04 <0.001
Species x sex (4) 0.70 0.595 0.83 0.516 0.37 0.832 1491 <0.001

Error d.f. were 38 and 40 for the ANOV As on carbohydrate content and desiccation resistance, respectively.
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Figure 6. The relationship between mean (+ SE) absolute carbohydrate content (in g per fly)
and mean (+ SE) fractional carbohydrate content of males and females from the five species.
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Table 5. A qualitative representation of how the five species compare in terms of female traits related to
adult life history.

Deviation of species mean for atrait, relative to overall mean, in units of standard error

>-3 -3to-2 -2to-1 -—-1to+1 +1to+2 +2to+3 >+3
DF
AC AL AS DC
D. melanogaster FC FL DW LS SL AD
DF
AD
SL
DC AS AC
D. ananassae DW AL FL LS FC
DF
DC
FC
AS AD SL
D. malerkotliana DW AC AL LS FL
DF
DC
FC AC
FL AD SL
D. n. nasuta LS AL DW AS
DC
FC AC
AD FL
D. s. neonasuta SL DF LS AS DW AL

Entries are abbreviated traits (LS, lifespan of reproducing flies; DW, dry weight at eclosion; AL, absolute lipid
content; AS, absolute starvation resistance; FL, fractional lipid content; SL, starvation resistance per unit lipid;
AC, absolute carbohydrate content; AD, absolute desiccation resistance; FC, fractional carbohydrate content;
DC, desiccation resistance per unit carbohydrate; DF, average daily fecundity). For each species, the location
of the trait abbreviation reflects the deviation of the species mean from the overall mean value for that trait, in
units of standard error.
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species. The magnitude of D. melanogaster superiority,
nevertheless, is rather large, and we shall return to this
issue later in the discussion.

More interesting than the superiority of D. melanogas-
ter is the observation that the melanogaster group species
seem to be somewhat superior to the immigrans group spe-
cies with regard to most of the fitness traits studied. D.
ananassae and D. malerkotliana, though lighter, are longer-
lived and more fecund than D. n. nasuta and D. s. neo-
nasuta (figures 1, 2, 3; table 6), and were earlier seen to
have shorter larval development time than the two immi-
grans group species (Sharmila Bharathi et al. 2004). On
the other hand, D. malerkotliana has lower absolute star-
vation and desiccation resistance than D. n. nasuta and
D. s. neonasuta (figures 5, 7; table 6), and D. ananassae
females also have lower absolute starvation resistance than
the two immigrans group species, although male starva-
tion resistance and absolute desiccation resistance of D.
ananassae is at par with that of D. n. nasuta and D. s.
neonasuta (figures 5, 7; table 6). In larval survivorship,
D. ananassae and D. s. neonasuta are superior to D. maler-
kotliana and D. n. nasuta (Sharmila Bharathi et al. 2004).

Why the two melanogaster group species appear to be
somewhat superior to the two immigrans group species
under laboratory conditions is not clear at this time. It may
be that these melanogaster group species are in a sense
preadapted to a laboratory environment optimized for

D. melanogaster, a species to which they are closely rela-
ted. It may also be that oviposition preferences differ among
these four species and, thus, fecundity differences reflect
degrees of behavioural aversion rather than physiological
differences among species. The superiority of D. ananas-
sae and D. malerkotliana in the laboratory does not seem
to translate into greater abundance in the wild. In our col-
lections, we found that D. n. nasuta and D. ananassae,
together with Zaprionus indianus, were the most abun-
dant drosophilids, with D. ananassae being restricted
largely to the insides of houses, and D. n. nasuta to dome-
stic garbage dumps and orchards, where it coexisted with,
and greatly outnumbered, D. malerkotliana. Of course, the
superiority of D. ananassae and, especially, D. malerkot-
liana, in terms of fecundity and lifespan is likely to be
partly offset in natural conditions where desiccation and
starvation stress may play arole.

Two other major aspects in which natural conditions
are likely to differ from laboratory conditions are the degree
of intraspecific and interspecific competition, and the pre-
sence of predators, parasites, parasitoids and microbial
pathogens. Larvae from many dipteran species are found
in the contents of domestic garbage dumps, whereas in
rotting fruit in orchards most larvae tend to be of droso-
philids. Unfortunately, there are no data on the typical lar-
val densities likely to be experienced by these species
in their natural habitats and it is, therefore, difficult to

Table 6. A qualitative representation of how the four recently wild-caught species
compare in terms of female traits related to adult life history.

Deviation of species mean for atrait, relative to overall
mean, in units of standard error

-3to-2 -2to-1 -1lto+1 +1to+2 +2to+3

DF
SL

FL FC

DC AS AC

D. ananassae DW AL AD LS
AD FC

AC SL DF

AS AL DC

D. malerkotliana DW LS FL
DF
DC
FC

AC AD SL

D. n. nasuta FL LS AL DW AS
DC
AD
AC
SL FC FL

D. s. neonasuta DF LS AS DW AL

Abbreviations and interpretation asin table 5.
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assess how the densities used in the laboratory compare
to those to which the species are adapted. We do, how-
ever, have preliminary data suggesting that D. ananassae
and D. n. nasuta differ in the sensitivity of preadult sur-
vivorship to larval density in the laboratory. Preadult sur-
vivorship of D. ananassae declines by just about 12.5%
over a range of densities increasing from 70 to 300 eggs
per vial, whereas preadult survivorship of D. n. nasuta
declines by about 60% as density is increased from 30 to
200 eggs per vial (N. Sharmila Bharathi and A. Joshi,
unpublished data), which is similar to the decline seen in
our laboratory-adapted D. melanogaster populations (M.
Shakarad, N. G. Prasad and A. Joshi, unpublished data).
This may, perhaps, suggest that D. ananassae in nature
experience higher larval densities on average than D. n.
nasuta, an interpretation also consistent with the observa-
tion that D. ananassae larvae are more resistant to toxic
levels of urea in the food, compared to D. n. nasuta lar-
vae (N. Sharmila Bharathi and A. Joshi, unpublished data).
In pairwise competition experiments where serial-transfer
cultures were initiated with equal humbers of males and
females of two species, D. ananassae excluded D. n. nasuta
and D. s. neonasuta within 10 weeks (N. Sharmila Bha-
rathi and A. Joshi, unpublished data), a finding consistent
with the notion that D. ananassae is better adapted to
high larval densities. However, the relationship between
sensitivity to larval density in single-species culture and
competitive ability in a serial-transfer culture, in which
fecundity and lifespan also affect competition, is not so
straightforward: in these experiments, our D. melanogas-
ter are the most competitive, excluding all other species
within 4-5 weeks. D. malerkotliana, which coexists with
D. n. nasuta and is far less abundant in and around gar-
bage dumps, appears to be a better competitor than D. n.
nasuta and D. s. neonasuta under laboratory conditions,
athough not as good as D. ananassae. In serial-transfer
competition experiments, D. malerkotliana reduced the
numbers of the two immigrans species to 10-20% of the
total culture within 10 weeks (N. Sharmila Bharathi and
A. Joshi, unpublished data).

We also have some preliminary evidence that D. n.
nasuta may be more resistant to bacterial pathogens than
D. ananassae. Immune responses are potentially costly to
the organism mounting them and are likely to exact fitness
costs, especially under stressful conditions like crowding
or desiccation/starvation stress (Hoang 2001; Kraaijeveld
et al. 2001a), suggesting that parasite/pathogen loads in
nature may be partly responsible for shaping the evo-
lution of life histories (Zuk and Stoehr 2002). The immune
responses mounted by D. melanogaster in response to infec-
tion with different types of microbial pathogens are now
also quite well understood at the molecular level (reviewed
by Hoffmann 2003). We have found that keeping flies in
avia with alawn of Escherichia coli (Gram-negative bac-
terium, known to induce immune responses in D. melano-

gaster) growing on the food medium leads to fairly high
levels of daily mortality, resulting in a mean time to death
that is of the order of about 60-170 h, depending on the
species (N. Sharmila Bharathi, J. Mohan and A. Joshi,
unpublished manuscript). Both D. n. nasuta and D. ananas-
sae have about two-fold to three-fold higher survival times
in the presence of E. coli than the laboratory population
of D. melanogaster, and D. n. nasuta surviva times are
significantly greater than those of D. ananassae (N. Shar-
mila Bharathi and A. Joshi, unpublished data). It is, there-
fore, possible that D. n. nasuta invests more resources in
survival in a pathogen-rich environment than it does in
fecundity, and that this contributes, in part, to its high abun-
dance in the wild, compared to the other species studied.

While D. n. nasuta and D. malerkotliana are seen mat-
ing around domestic garbage dumps, in the case of D. ana-
nassae it is unclear where they breed. Adult D. ana-
nassae are typically found inside houses, and females can
be seen ovipositing on exposed fruit in kitchens and din-
ing rooms. None of the other species discussed here was
ever seen inside a house and, conversely, D. ananassae is
hardly ever seen outside houses, even in garbage dumps
close to residential areas. Inside houses, it is more or less
impossible for D. ananassae to complete a life cycle on
either kitchen waste, or fruits, as these tend to be either
thrown out, or consumed within 2—4 days. One possible
hypothesis could be that D. ananassae oviposit on kitchen
waste in houses, development is completed outside in the
communal garbage dump, and the adults fly back and
colonize houses afresh each generation. If true, this might
be the reason for the extremely high carbohydrate content
of D. ananassae at eclosion (figure 6), which, never-
theless, does not translate into high desiccation resistance
(figure 7). Glycogen content is strongly positively corre-
lated with flight performance (Wigglesworth 1949; Graves
et al. 1992), and D. ananassae are perhaps required to fly
more than the other species if they are to recolonize houses
(including first-floor and second-floor houses) as young
adults every generation.

All traits assayed on both males and females showed
evidence for some sexual dimorphism. Across species,
females had significantly greater absolute and fractional
lipid and carbohydrate content, and absolute starvation
and desiccation resistance than males, whereas males had
significantly greater starvation resistance per microgram
lipid and desiccation resistance per microgram carbo-
hydrate than females (figures 4, 5, 6, 7; tables 3, 4). How-
ever, the species x sex interaction was significant only in
the case of starvation resistance per microgram lipid and
desiccation resistance per microgram carbohydrate, sug-
gesting that the degree of dimorphism for the other traits
did not differ significantly among species. In the case of
adult lifespan, the degree of dimorphism was significant
only in the laboratory population of D. melanogaster,
which was also the only population in which virgins lived
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significantly longer than reproducing flies (figure 2). We
previously found that these five species did not differ
among themselves in the degree of dimorphism for dry
weight at eclosion, and that the degree of dimorphism for
egg-to-eclosion development time was significantly grea-
ter than zero only in the case of D. malerkotliana and
D. ananassae, and was strongly positively correlated with
fecundity per day per unit dry weight (Sharmila Bharathi
et al. 2004).

Overall, the broad picture of trait relationships across
the four wild species that emerges is that of the melano-
gaster group species being more sexually dimorphic for
development time (Sharmila Bharathi et al. 2004), more
competitive (N. Sharmila Bharathi and A. Joshi, unpub-
lished data), lighter, longer-lived, more fecund, and having
higher fractional lipid and carbohydrate content than the
immigrans group species (figures 1, 2, 3, 4, 6; table 6).
The immigrans group species, on the other hand, tend to
have higher starvation and desiccation resistance, which
is not surprising given their larger size and higher abso-
lute lipid content (figures 4, 5, 7; table 6). The negative
relationship between fecundity and lifespan and the posi-
tive relationship between size and fecundity that are often
seen within species are, thus, not seen across the species
used in our study. To what extent the differences between
the immigrans and melanogaster group species in this
study are due to phylogenetic or ecological reasons is
hard to assess at this time. However, there are some
major differences between species within species group,
suggesting that ecology may be playing a role in shaping
the life history in these species.

Finaly, our results on life-history and stress-related
traits in these five species strike a cautionary note in
the context of recent findings that wild populations of
D. melanogaster may be considerably longer-lived and
more starvation/desiccation resistant compared to long-
term laboratory-reared populations, especially if kept on
relatively short, discrete-generation maintenance regimes
(Sgro and Partridge 2000; Linnen et al. 2001; Hoffmann
et al. 2001b). Relative to the populations of the four
recently wild-caught species, our laboratory-adapted popu-
lation of D. melanogaster is intermediate in dry weight,
but the most fecund and long-lived (figures 2, 3; table 5).
Both males and females of the D. melanogaster popu-
lation have relatively low fractional lipid and glycogen
content at eclosion but very high starvation resistance per
microgram lipid and desiccation resistance per micro-
gram carbohydrate, relative to the four wild-caught spe-
cies (figures 4, 5, 6, 7; table 5). It is possible that the
laboratory-adapted population of D. melanogaster has
evolved to take full advantage of life in a nutrition-rich
environment, and supplements a relatively lower degree
of larval resource provisioning—higher larval provision-
ing is known to trade off with preadult survival (Chip-
pindale et al. 1996, 1998)—with a relatively higher level

of resource assimilation during the adult stage. However,
this cannot explain the fact that even in the first few days
of life, when fecundity is strongly dependent on larval
reserves, D. melanogaster females are significantly more
fecund that those of the other four species (Sharmila Bha-
rathi et al. 2004). In general, athough D. melanogaster
females appear to be investing relatively more resources
in reproduction—being more fecund than other species,
and also the only one in which virgin females live longer
than reproducing females—, they also have high starvation
resistance per microgram lipid and desiccation resistance
per microgram carbohydrate, suggesting that they are more
efficient at using these reserves than flies of the recently
wild-caught species. It is possible that our D. melano-
gaster population has evolved lower activity levels or
metabolic rate, or both, in the course of several hundred
generations of life in a confined environment where rich
food and mates are readily available at al times. In addi-
tion, the wild-caught species may, perhaps, be investing
some reserves in maintaining high levels of immune-
system competence, and these reserves may, conse-
guently, not be available for either fecundity or starva-
tion/desi ccation resistance.

While the reasons for the superior fecundity, lifespan
and stress resistance of our D. melanogaster population
are not clear at this time, our results do suggest that it may
be premature to generalize about life-history contrasts bet-
ween the laboratory and the field. Our comparison, of
course, differs from recent studies of the laboratory—field
contrast (Sgro and Partridge 2000; Linnen et al. 2001;
Hoffmann et al. 2001b) in several respects. In those stu-
dies, different populations of the same species, D. mela-
nogaster, were compared, whereas we are comparing traits
across species. Moreover, the populations used in the
D. melanogaster studies are all temperate in origin, where-
as we are using tropical wild populations, and a labora-
tory population of D. melanogaster that several hundred
generations ago was a temperate one. The relationships bet-
ween traits like starvation resistance, desiccation resis-
tance and lipid content across species appear to be different
among tropical versus temperate species (van Herrewege
and David 1997). It is also possible that predators, patho-
gens and competitors may be more important than abiotic
factors like temperature and humidity as selective forces
acting on life histories in tropical drosophilids, whereas
the converse may be true in temperate regions (e.g. see
David and Capy 1982; Kraaijeveld and van Alphen 1995;
van Herrewege and David 1997; James and Partridge
1998; Kraaijeveld et al. 2001b; Hoffmann et al. 2003).
Life-history tradeoffs can be fairly labile evolutionarily
(Phelan et al. 2003), and biotic and abiotic factors are
known to interact in complex ways in their effects on
community structure in dipterans (Worthen et al. 1994,
1995). Thus, if the balance of biotic and abiotic selective
agents is very different in tropical versus temperate dro-
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sophilids, it is likely that fairly different patterns of rela-
tionships among life-history-related traits will be seen in
the two kinds of species. One obvious lacuna plaguing
studies of life-history evolution in wild populations of
Drosophila is the extreme paucity of knowledge about
the ecology and life history of most Drosophila species
in the wild. For example, life expectancy in the wild is
clearly of great importance in interpreting differences in
lifespan (assayed in the laboratory) in wild and labora-
tory populations. Yet, little is known about typical life
expectancy of Drosophila in the wild. Field cage experi-
ments suggest that life expectancy of Drosophila under
quasinatural conditions is quite high (Hoffmann et al.
2003). On the other hand, a mark-and-recapture study of
several temperate Drosophila species suggests that life
expectancy in the field may actualy be quite low, of the
order of a few days (Rosewell and Shorrocks 1987). Un-
fortunately, very little is known about the ecology or life
history in the wild for the four Indian species we used in
this study. However, we believe that these results, though
extremely preliminary, suggest that fairly different con-
stellations of life-history-related traits have evolved in
these four species, and indicate that more detailed work on
the field ecology of these species could perhaps help eluci-
date the selection pressures that have given rise to these
life-history differences. The results also permit several spe-
culative hypotheses which can act as a spur to further
experimental work on the possible role of abiotic and
biotic factors, and their interactions, in shaping the life
histories of these species of Drosophila.
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